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(57) ABSTRACT

A rapid and continuous separator or equilibrator to separate
a gas from a liquid includes a venturi and injector, a mixer
and a free overfall stream to separate a gas from a liquid. The
injector introduces a carrier medium into the liquid which
provides a reservoir for the gas to diffuse into as the liquid
and carrier make a single transit through the apparatus. The
separator was developed to enable real-time estimation of
methane concentrations in ground water during purging.
Real-time monitoring allows evaluation of trends during
water well purging, spatial trends between water wells, and
temporal comparisons between sampling events. These
trends may be a result of removal of stored casing water,
pre-purge ambient borehole flow, formation physical and
chemical heterogeneity, or vertical flow outside of well
casing due to poor bentonite or cement seals. Real-time
information in the field can help focus an investigation, aid
in determining when to collect a sample, save money by
limiting costs (e.g. analytical, sample transport and storage),
and provide an immediate assessment of local methane
concentrations, Four domestic water wells, one municipal
water well, and one agricultural water well were sampled for
traditional laboratory analysis and compared to the field
separator or equilibrator results. Applying a paired t-test
comparing the new separator or equilibrator method and
traditional laboratory analysis yielded a p-value 0.383, sug-
gesting no significant difference between the two methods
for the current study. Additional field and laboratory-based
experimentation and potential modification of this device are
necessary to justify use beyond screening at this time.
However, early separator or equilibrator use suggests prom-
ising results and applications.
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EQUILIBRATOR FOR RAPID AND
CONTINUOUS DETECTION OF A GAS IN A
LIQUID

RELATED APPLICATIONS

[0001] This non-provisional application claims priority to
U.S. Provisional No. 62/268,353, filed , which is
hereby fully incorporated by reference in its entirety

GOVERNMENT RIGHTS

[0002] The United States Government has certain rights in
this invention because an employee of the U.S. Environ-
mental Protection Agency is a co-inventor, and the invention
was supported by general EPA research funds.

FIELD OF THE INVENTION

[0003] Embodiments of the present invention relate to
systems and methods for separating and detecting a gas
contained within a liquid from the liquid, and more specifi-
cally for the rapid and continuous separation of the gas from
the liquid for the purposes of detection, and more specifi-
cally for the real time detection of hydrocarbon gas in water.

BACKGROUND

[0004] Advances in horizontal drilling and hydraulic frac-
turing have led to recent increases in unconventional oil and
gas development in the United States. These increases have
been accompanied by public concern and awareness for
potential environmental contamination and impacts to health
and safety. One area of concern is focused on stray gas
migration, primarily methane contamination in drinking
water wells near oil and gas production areas. Although
methane is not a regulated pollutant for drinking water, it
poses an explosion hazard if exsolved concentrations reach
5-15% volume in air.

[0005] The presence of methane in ground water has also
been linked to shale-gas development and potential ground
water contamination. Several recent studies present evi-
dence of increased methane contamination in drinking water
wells as a result of proximity to gas-well drilling and
hydraulic fracturing (Jackson et al. 2013; Osborn et al.
2011). Some studies indicate that the cause of free phase
methane migration is a result of increased annular gas
pressure and cracks in casing cement for gas-wells (Gorody
2012; Sepos and Cart 1985). However, the occurrence of
methane in ground water is widely documented and is often
present to some degree prior to gas development. Evaluation
of stray gas migration necessitates a comparison with base-
line or background concentrations. However, comparisons
are complicated by variability between sampling events that
may be in part due to the volume and rate of purging. A
number of investigators have documented non-uniform con-
centration trends (increasing or decreasing trends as opposed
to erratic variation) during purging (Reilly and Gibs 1993;
Reilly and LeBlanc 1998). Keith et al. (1983) identified a
number of potential causative factors for observation of
solute concentration trends during purging: physical hetero-
geneity, chemical heterogeneity, screening of wells over
multiple water bearing units. Analytical and numerical mod-
eling indicate that concentration trends during purging could
be a function of convergent flow (Cosler 1997), lithologic
layers of varying hydraulic conductivity (Robbins and Mar-
tin-Hayden 1991), anisotropy (Varljen et al. 2006), the ratio
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of hydraulic conductivity of the sandpack (in this case open
borehole around pre-packed screen) to surrounding forma-
tion (Cohen and Rabold 1988), well design (Varljen et al.
2006), and boundary conditions (Varljen et al. 2006).

[0006] Concentration variation during purging could be
due to ambient borehole flow prior to purging. Ambient flow
in monitoring wells is well documented (Crisman et al.
2001). A monitoring well is an open conduit requiring little
head differential to induce substantial cumulative flow over
an extended period of time between sampling events (Elci et
al. 2001; Corcho Alvarado et al. 2007). Significant solute
redistribution can occur at head differentials below the
sensitivity of currently available instrumentation (Reilly et
al. 1989). Thus, it is important to monitor solute concentra-
tion during purging.

[0007] Comparisons of calculated aqueous concentrations
of methane and vapors from well headspace levels to
observed concentrations in ground water indicates that well
headspace sampling is not an effective replacement for
purging and sampling. In one study in Pennsylvania, mg/[L
concentrations were detected in domestic wells despite
non-detection in headspace (\Vhisman et al. 2012). In
another study, calculated concentrations of vapors in ground
water from headspace monitoring were biased low com-
pared to actual measurement during purging due to vertical
stratification of solute concentration in casing above the
screened interval (Adamson et al. 2009; Adamson et al.
2012). This result is not surprising since little or no mixing
of water in well casing occurs above a pump inlet upon
stabilization of drawdown (Robin and Gillham 1987;
Humenick et al. 1980).

[0008] Real time measurement of aqueous methane con-
centration during purging requires rapid gas-water equili-
bration. Equilibrators are commonly used in oceanic
research to determine dissolved gases (CO,, N,O, CO, and
CH,) in seawater (Feely et al. 1998; Pierrot et al. 2009;
Kortzinger et al. 1996; Torres et al. 2013; Johnson 1999;
Frankignoulle et al. 2001; Schneider et al. 2007; Abril et al.
2006; Loose et al. 2009; Schneider et al. 1992; Copin-
Montegut 1985; Bange et al. 1996). Equilibrator designs can
be categorized by five types, 1) shower type, 2) bubble type,
3) laminar flow type, 4) packed type, and 5) membrane type.
The shower type equilibrator uses a showerhead to spray a
continuous flow of seawater through a fixed headspace
volume that is recirculated until equilibrium is reached. The
bubble type equilibrator bubbles air through a continuous
flow of water. A fixed volume of air is recirculated until
equilibrium is reached. The laminar flow type equilibrator
allows water to flow downward in a thin film along the walls
of a column. Counter-current air flows across the thin film
and is recirculated until equilibrium is reached. Packed type
equilibrators utilize small glass cylinders or marbles to
increase the surface area for gas-water contact. A continuous
flow of water flows counter-current to a fixed volume of
recirculated air until equilibrium is reached. Membrane type
equilibrators use an applied vacuum to allow diffusion of
gases in water across a semipermeable membrane until
equilibrium is reached. In all equilibrators, a gas sample is
collected and analyzed on appropriate instrumentation. The
equilibration times for these equilibrators range from around
10 minutes to several hours.

[0009] Other techniques for measuring free or dissolved
gases in water rely on collection of a discrete samples. Since
gas solubility is dependent on temperature and pressure,
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water samples brought to the surface may degas as the
samples adjust to atmospheric pressure or lower hydrostatic
pressures. Free gas methods are designed to collect this gas
that comes out of solution as a result of partial pressure
changes (Coleman et al. 1988). Dissolved gas methods rely
on extracting the gas from the water via headspace equilib-
rium, gas-striping, or purge and trap techniques (Hirsche and
Mayer 2007; Kampbell et al. 1998). Samples are collected
by either pumping water to the surface, in-situ passive
diffusion samplers, or localized grab samples. Analysis of
dissolved or free gas concentrations using these techniques
rely on an equilibrated headspace in a bottle that is then
extracted and analyzed using laboratory equipment or
returned to the laboratory for analysis. These techniques lack
rapid analysis of free and dissolved gases due to long
equilibration times and only represent discrete samples.

BRIEF SUMMARY OF THE INVENTION

[0010] Preferred embodiments of the invention generally
include an apparatus to separate at least one constituent from
a liquid comprising multiple constituents, where the appa-
ratus includes a venturi tube having a venturi orifice and
configured to pass a liquid therethrough and introduce a
carrier medium into the liquid. The carrier medium could be
a second liquid or it could be a second gas. In either case, the
gas in the liquid diffuses into the carrier medium as the
liquid and carrier medium transit the apparatus. The liquid
and the carrier medium move through the apparatus and
each makes only one transit through the apparatus. In the
case where the carrier medium is a gas, the gas may take the
form of bubbles in the liquid. Continuing with the example
of the carrier medium being a gas which forms bubbles in
the liquid, a first portion of a first constituent in the liquid
diffuses into the bubbles. The preferred embodiment also
includes a mixer configured to receive the liquid and the
bubbles from the venturi orifice, where the mixer mixes the
liquid and the bubbles, and also includes a plenum com-
prising a first exit and configured to receive the liquid and
the bubbles from the mixer, wherein the plenum is further
configured to pass the liquid and the bubbles through a free
overfall stream within the plenum, whereby the bubbles exit
the liquid to form a free gas comprising the first constituent
over the liquid, and the free gas is discharged from the
plenum through the first exit. Preferred embodiments also
include where the first constituent is continuously separated
from the liquid, and also where the first constituent within
the free gas is discharged from the plenum through the first
exit in less than about one minute from passing through the
venturi orifice. Other embodiments include where the first
constituent within the free gas is discharged from the plenum
through the first exit in less than about ten seconds from
passing through the venturi orifice, and include the first
constituent comprising a hydrocarbon gas. Further embodi-
ments include where the liquid comprises water and the
hydrocarbon gas comprises methane, and also include where
the venturi tube comprises an injection orifice configured to
inject bubbles into the liquid and where the bubbles com-
prise air. Yet other embodiments include where a second
portion of the first constituent diffuses from the liquid into
the bubbles in the mixer, and also where the mixer comprises
a static mixer configured to break at least a portion of the
bubbles into smaller bubbles. Additional embodiments are
where a third portion of the first constituent diffuses into the
free gas from the liquid in the plenum, and where the free
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gas comprising the first constituent is directed into a gas
analyze, and further where the plenum comprises a second
exit to discharge the liquid from the plenum.

[0011] Preferred embodiments of the invention may also
include an apparatus to separate at least one constituent from
a liquid comprising multiple constituents, having a venturi
tube connected in series to a mixer and the mixer is
connected in series to a plenum, whereby the liquid flows
through the venturi tube, through the mixer and into the
plenum, wherein a first constituent of the liquid is continu-
ously separated from the liquid as the liquid passes through
the venturi tube, the mixer and into the plenum. Other
preferred embodiments have the liquid pass through the
venturi tube, the mixer and into the plenum in less than about
one minute, and still other embodiments have the liquid pass
through the venturi tube, the mixer and into the plenum in
less than about ten seconds. Additional embodiments have
the first constituent continuously separated from the liquid
as the liquid passes through the venturi tube, the mixer and
the into the plenum, and also have the first constituent
discharged from the plenum and into a gas analyzer, and
further have the liquid comprise water and the first constitu-
ent comprises a hydrocarbon.

[0012] Other preferred embodiments of the invention
include a method to separate at least one constituent from a
liquid comprising multiple constituents, including causing a
pressure drop in the liquid, introducing bubbles into the
liquid, mixing the liquid and the bubbles, and migrating a
portion of the bubbles out of the liquid, wherein the bubbles
comprise a first constituent from the liquid’s multiple con-
stituents. More preferred embodiments include passing the
liquid through a venturi orifice, and injecting the bubbles
into the liquid in proximity of the venture orifice, and also
breaking the bubbles into smaller bubbles. Additional pre-
ferred embodiments include breaking the bubbles into
smaller bubbles using astatic mixer, and also migrating a
portion of the bubbles out of the liquid by passing the liquid
through a free overfall stream, and also have collecting the
bubbles as a free gas over the liquid and passing the free gas
into a gas analyzer.

[0013] Rapid mass transfer of methane from water to air
was achieved through the combined use of a venturi ejector
(for example a Mazzei 283 polypropylene) and static mixer
(for example a Koflo SS 1/4-40-3-6R-2) in a series configu-
ration. Additional gas-water separation occurred via an
overfall jet stream into a gas-tight plenum. Concentrations
are continuously measured during continuous replacement
of air and water volumes in the separator or equilibrator.
[0014] Venturi ejectors and static mixers are highly effec-
tive mass transfer devices and are separately used in other
applications across industry and engineering systems (Char-
pentier 1977; Marquez et al. 1994; Heyouni et al. 2002;
Baylar and Emiroglu 2003; Baylar and Ozkan 2006; Baylar
et al. 2007; Ozkan et al. 2006b; Dong et al. 2012; Rodriguez
et al. 2012; Baylar et al. 2006; Bagatur 2005; Jackson 1964;
Salonen et al. 2002; Fan et al. 1975; Turunen and Haario
1994; Thakur et al, 2003; Paglianti 2008; Chisti et al. 1990;
Gavrilescu et al. 1997, Hussain et al. 2013; Goto and
Gaspillo 1992). Research on venturi ejectors to optimize gas
absorption, gas stripping, oxidation, chlorination, and fer-
mentation has increased in recent years (Agrawal 2013).
Static mixers have been used to enhance heat transfer, blend
miscible fluids, blend solids, and increase the interfacial area
during mixing of immiscible fluids (e.g. gas/liquid) (Thakur
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et al. 2003). The combined use of venturi ejectors and static
mixers for gas-liquid mixing is described in at least 3 U.S.
patents. Ackman and Place (1987) combined two venturi
ejectors in parallel with a static mixer to aerate acid mine
water. Hoppe and Watkins (1996) combined a venturi ejector
and a static mixer to mix ozone and water for treatment.
Singleterry and Larson (1998) combined three venturi ejec-
tors and static mixers (one each in series) in a parallel
configuration to carbonate water

[0015] As ground water is pumped from a well, the water
stream is split four ways. The ground water directed towards
the separator or equilibrator first passes through a water
flowmeter that regulates the flow rate between 1-2 liters per
minute (LPM). Ground water then enters the venturi ejector
inlet and is constricted to a small diameter throat where a
high velocity stream exists. The increased velocity is accom-
panied by a pressure drop at the throat (less than atmo-
spheric) that passively draws in air through small diameter
tubes, in this example air is first passed through granular
activated carbon, and is predicted by Bernoulli’s Law.
Passive flow eliminates the need for injection of gas or air
via a pump into the water stream. Flow through a venturi
ejector is highly turbulent and rapidly creates new interfaces
for mass transfer. Air is entrained into the water via a large
number of small bubbles resulting in turbulent two phase
bubble flow (e.g., Reynolds number between 50,000 and
364,000 (Baylar et al. 2010)) and a large interfacial area
(e.g., 2000 m*/m> —(Agrawal 2013), or in excess of 2000
m?*/m>—(Arunagiri et al. 2011)) to enhance mass transfer. A
minimum water velocity must be maintained for the pressure
differential across the venturi to remain great enough to
passively inject air. Gas-water mass transfer rates in venturi
ejectors exceed conventional gas-liquid mixing systems
such as stirred tanks, bubble columns, and packed columns
(Agrawal 2013; Arunagiri et al. 2011; Marquez et al. 1994).
The venturi ejector performance is controlled by inlet and
throat diameters, downstream pipe length, and air/water flow
rates.

[0016] After passing through the venturi ejector, the air-
water mixture flows through a static mixer. Static mixers, or
motionless mixers, contain internal elements installed in
pipes, columns, and reactors that provide increased interfa-
cial areas, a uniformed distribution of concentration and
temperature, radial mixing, and lengthened gas-liquid con-
tact times (Fan et al. 1975; Turunen and Haario 1994;
Thakur et al. 2003; Paglianti 2008). The effectiveness of
redistribution is dependent on the design feature of the
elements (e.g., helices) and number of elements used
(Thakur et al. 2003). Similar to venturi devices, concurrent
water and air flow in static mixers results in generation of
small relatively uniform bubbles resulting in bubble flow
and enhanced mass transfer between water and air (Fan et al.
1975). Air-water mixtures with bubbles have the potential to
coalescence but are broken to smaller bubbles upon contact
with a mixer because of shear, therefore enhancing volu-
metric gas-liquid mass transfer rates and coefficients (Chisti
et al. 1990; Turunen and Haario 1994; Gavrilescu et al.
1997; Hussain et al. 2013; Goto and Gaspillo 1992; Thakur
et al. 2003). Use of a venturi ejector preceding the static
mixer eliminates the need to inject air into the static mixer.
[0017] Water exiting the static mixer was discharged into
a gas-tight plenum for gas-water separation via a free
overfall jet stream. Baylar and Ozkan (2006) observed that
a free overfall jet plunging into water downstream further
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enhanced mass transfer and that mass transfer decreased
with increasing downstream pipe length from a venturi
device.

[0018] Water exits the plenum through the bottom and gas
through the top. Before entering the instrumentation for
analysis, the gas stream passes through a moisture trap (for
example a Bacharach Water Trap 0019-3265 and Perma Pure
MD Gas Dryer made of Nafion®) to remove water moisture
from the gas stream, preventing any interference and instru-
mentation damage. Gas pressure is monitored with, for
xampel a Dwyer Magnehelic® differential pressure gage
and adjusted through relief valves to prevent the gas-tight
chamber from dewatering and to prevent excessive pressure
buildup near instrumentation intakes. The gas stream is then
directed to an analyzer, such as a LandTec GEM 2000 and
Thermo Scientific Toxic Vapor Analyzer (TVA1000B) for
real-time data analysis. The GEM2000 Plus uses an infrared
cell to measure methane in %-volume and is accurate for
gas-phase concentration measurements greater than 1.0%.
The GEM2000 Plus also has additional sensors capable of
measuring H,S, CO, CO,, and O,. These additional gases
were simultaneously screened for along with methane. The
TVA-1000B was used to measure lower concentrations of
methane on a flame ionization detector (FID) below 10,000
ppmv. The instrument also contained a photoionization
detector (PID) allowing simultaneous detection of additional
compounds to methane which may be present.

[0019] Field gas concentrations measured in this study
were below 1,200 ppmv. Because the TVA1000B has better
resolution than the GEM 2000 at lower concentrations, the
measurements from the TVA-1000B were used as the pri-
mary data. A correction (specific to the instrument used in
this investigation) was applied to TVA-1000B field readings
to account for variations of flow rate that deviate from the
flow rate used during calibration. The FID shows a linear
response to variations of flow rate (Graph 1).

[0020] In general, at equilibrium, the initial mass of meth-
ane in the aqueous phase is equal to the mass in the aqueous
phase after equilibration plus the mass transferred to the gas
phase

Co=C A QQwetK _1H) M
[0021] where:
[0022] C,=Aqueous concentration (ug L)
[0023] C,=Gas concentration (ug L)
[0024] K =Dimensionless Henry’s law Constant (ug

L-gas'/ug L-water")

[0025] Q,=Gas flow rate (L min™')
[0026] Q,~Water flow rate (L min™")
[0027] Henry’s Law is dependent on temperature, pres-

sure, solution chemistry, surfactants, and ionic strength. At
pressures near 1 atmosphere (atm), it is assumed that the gas
behaves ideally and in dilute solutions the activity coeffi-
cients are equal to one. The dimensionless Henry’s law
constant can be estimated at a temperature of interest from
a reference temperature by:

! 2)
BV QONON

5914[@ @

R|"T 718

Ky = |RT"HS exp

@ indicates text missingor illegiblewhen filed
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[0028] where:

[0029] K =Dimensionless Henry’s Law Constant at tem-
perature of interest (ug L-gas'/ug L-water"

[0030] KHGZHenry’s Law Constant at a reference tem-
perature (mol L™ atm™)

[0031] A, ;,H=Enthalpy of solution for compound of
interest (J mol™")

[0032] T=Temperature of interest (K)

[0033] T®=Reference temperature (K)

[0034] R=Gas constant (0.08206 L atm mol™* K™!)
[0035] R'=Gas constant (8.314 J mol™* K1)

[0036] Sander (1999) provides a comprehensive list of

Henry’s Law Constants and A, H/R' for compounds of
interest. Henry’s Law Constants are typically expressed in
mol L7 atm !. A high dimensionless Henry’s Law Constant
and low enthalpy of vaporization indicate methane is highly
volatile and relativity easy to strip from water. Gas phase
concentration using a portable FID is expressed in parts per
million volume (ppmv) at a given ambient atmospheric
pressure and temperature. Conversion to mass per volume of
gas is expressed as:

Colng/ L=z Colppmv] ©)
[0037] where:
[0038] M=Molecular weight of compound (g mol™")
[0039] P=Ambient atmospheric pressure (atm)
[0040] R=Gas Constant (0.08206 L atm mol™* K1)
[0041] T=Temperature of interest (K)
[0042] A correction (specific to the instrument used in this

investigation) was applied to TVA-1000B field readings to
account for variations of flow rate that deviate from the flow
rate used during calibration (Graph 1). The correction is
expressed as:

CG(MEASURED) 4

C, = T s
CTRVE) = 0.818Flow(FID) - 0.212

[0043] where:

[0044] Cgygpm=Corrected gas concentration for flow
rate (ppmv)

[0045]  Ciasmasorsmy=Measured gas concentration from
TVA-1000B (ppmv)

[0046] Flow(FID)=Flow rate to TVA-1000B (L min™")
[0047] Inserting equation 4 into equation 3 for the gas
concentration, and inserting into equation 1 yields an equa-
tion for determining aqueous methane concentrations using
the TVA-1000B specific to this study (equation 1 represents
the generalized form if other instrumentation is used):

Culug/L1=Q) (RD(Qw+ ) )

@ indicates text missingor illegiblewhen filed

[0048] Batch air stripping is a widely used method for
determining Henry’s law constants and relies on a dynamic
principle developed by Mackay et al. (1979) and Nielsen et
al. (1994). An inert gas is purged through water, releasing a
dissolved compound. Relative concentrations of one phase
are measured over time and it is assumed that the exiting gas
is in equilibrium. The separator or equilibrator however,
increases gas-water interface contact times for mass transfer,
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decreases equilibrium times, and equilibrates a continuous
flow of sample water, making it superior to batch air
stripping and other equilibrator designs.

BRIEF DESCRIPTION OF THE FIGURES

[0049] Embodiments of the invention may be used to
separate or equilibrate most any gas contained within most
any liquid. In the following examples, the separated gas will
be a hydrocarbon, and more specifically methane, and the
liquid will be water.

[0050] Referring to FIGS. 1 and 2, rapid transfer of
methane, or other hydrocarbon or non-hydrocarbon gas
constituents such as carbon dioxide, nitrogen, hydrogen,
hydrogen sulfide, or other gases, from water to air is
achieved through the combination of venturi tube also know
as venturi tube 220 and gas-water mixing 210 which include
the use of venturi ejector 225, which may also be referred to
as an injector, and static mixer 215 arranged in sequence.
Additional separation of methane occurs in separation 200
as water drops into gas-tight plenum 20, causing turbulence
within the inner tube that penetrates the water barrier within
gas-tight plenum 20, and allowing methane to transfer to the
gas phase. The primary commercial use of venturi ejectors,
for example venture ejector 225, and static mixers, for
example static mixer 215, is aeration of wastewater. Con-
centrations of methane are continuously measured during
continuous replacement of air and water volumes in the
separator or equilibrator. The separator or equilibrator is
contained within housing 10 and includes components on
the front, back, and sides.

[0051] Water is pumped from water source 145 at water
acquisition 240, which could be a well containing ground
water, or a stream, lake, or other water source, and is
directed to water distribution 235, which includes hydrant or
faucet 140. The water stream is then split four ways using
manifold splitter 135. A splitter of another configuration that
splits more or less ways may be used. Water directed to
sample collection 260 through tube 121 is used for collect-
ing laboratory samples. Water directed to geochemical
monitoring 255 through tube 122 passes through a commer-
cial flow cell fitted with multi-parameter probes that are
connected to the appropriate instrument for monitoring of
pH, specific conductance, conductivity, total dissolved sol-
ids, oxidation reduction potential, dissolved oxygen, tem-
perature, and any other parameters necessary during param-
eter recording 250. Water directed to excess discharge 245
through tube 123 is any additional water not being directed
to sample collection 260, geochemical monitoring 255, and
water gaging 230 and is discharged for disposal. The water
directed towards the separator or equilibrator processes
through tube 120, first passes through water gaging 230
which contains water flowmeter 40 that regulates the flow
rate to the desired rate. Water then enters the venturi ejector
225 inlet, within venturi tube 220, and is constricted to a
small diameter opening causing the water to pass through at
a high velocity. The increased velocity is accompanied by a
pressure drop at the opening, which is less than atmospheric,
that passively draws in air through a small diameter tube at
the bottom of venture ejector 225. Air that enters venture
ejector 225 first begins at air entry 265. Atmospheric air is
passively injected at air entry 265, whereas the rate is
controlled by the suction created within venture ejector 225.
Before entering venturi tube 220, the atmospheric air passes
through air cleaning 270, which includes hydrocarbon trap



US 2020/0094201 Al

275 and inlet tube 310, to ensure no outside hydrocarbons
are introduced to the system. The rate of injection is moni-
tored at gas flow rate 280, using flowmeter 285, which is
connected by tube 354 and tube 355. The atmospheric air
then enters venturi tube 220 through a small diameter tube
at the bottom of venture ejector 225 using tube 350. Passive
flow of atmospheric air into venturi tube 220 eliminates the
need for injection of gas or air via a pump into the water
stream. Other inert gases such as nitrogen, argon, etc. may
be used in place of atmospheric air that is passively injected
at air entry 265. Flow through venturi ejector 225 is highly
turbulent and rapidly creates new interfaces for transfer of
methane from the water to gas phase. During venturi tube
220, air is introduced into the water via a large number of
small bubbles resulting in turbulent two phase, i.e. gas and
water, bubble flow and a large area of gas-water contact
around the bubbles to enhance the transfer of methane from
the water to the gas phase. The pressure differential across
venturi ejector 225 must remain great enough to passively
inject atmospheric air. Transfer rates of constituents, such as
methane, within venturi ejectors, such as venture ejector
225, exceed conventional gas-liquid mixing systems such as
stirred tanks, bubble columns, and packed columns. The
venturi ejector 225 performance is controlled by inlet and
throat diameters, downstream pipe length, and air/water flow
rates and varies by commercial venture ejectors. After
passing through venturi ejector 225, the air-water mixture
flows through static mixer 215 at gas-water mixing 210.
Venturi ejector 225 and static mixer 215 are connected by
coupler 12. Static mixers, or motionless mixers, contain
internal elements, e.g. blades or helices, installed in pipes,
columns, and reactors that provide increased areas of gas-
water contact, a uniformed distribution of concentration and
temperature, radial mixing, and lengthened gas-liquid con-
tact times. The effectiveness of redistribution is dependent
on the design feature of the elements, e.g.

[0052] blades or helices, and number of elements used.
Similar to venturi devices, concurrent water and air flow in
static mixers, e.g. static mixer 215, results in generation of
small relatively uniform bubbles resulting in bubble flow
and enhanced transfer of methane or other constituents
between water and air. Air-water mixtures with bubbles have
the potential to coalescence, i.e. lump or group together, but
are broken to smaller bubbles upon contact with elements,
e.g. blades or helices, within static mixers, e.g. static mixer
215, because of shear, therefore enhancing volumetric gas-
liquid mass transfer rates, i.e. the transfer of a constituent
from water to air, and coefficients. Use of venturi ejector 225
preceding static mixer 215 eliminates the need to inject air
into the static mixer static mixer 215.

[0053] Water exiting static mixer 215, as part of gas-water
mixing 210, is discharged into gas-tight plenum 20 at
separation 200 for additional gas-water separation as water
drops into gas-tight plenum 20, i.e. via a free overfall jet
stream, causing turbulence within the inner tube that pen-
etrates the water barrier within gas-tight plenum 20, and
allowing methane, or other constituents such as carbon
dioxide, hydrogen sulfide, or nitrogen, to transfer to the gas
phase. A free overfall jet plunging into water downstream
further enhances mass transfer, i.e. transfer of compound
from water to air, and the mass transfer decreases with
increasing downstream pipe length from a venturi device,
i.e. the shorter the lengths of pipe/connections, e.g. coupler
12, after venture ejector 225 the better the mass transfer.
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[0054] Water exits gas-tight plenum 20 by moving down-
ward through the inner tube, then upward inbetween the
inner and outer tube, and finally overflowing over the top of
outer tube and moving downward exiting through the bot-
tom. The gas phase, which contains the methane, or con-
stituent of interest, exist gas-tight plenum 20 through the
top. Water that exits gas-tight plenum 20 is collected at
collection 295 using container 30, and is then disposed of at
disposal 290. The configuration of gas-tight plenum 20 can
also be altered such that it consists of a single tube at a
desired length with a regulating valve on the bottom used to
keep water in the bottom of the tube and a gas-tight setup.

[0055] Before entering the measurement instrumentation
for analysis, the gas stream that left the top of gas-tight
plenum 20, at separation 200, passes through moisture trap
15 at initial moisture removal 185. Moisture trap 15 removes
water moisture from the gas stream, preventing any inter-
ference and measurement instrumentation damage. A gas
sample for laboratory analysis can be collected at gas sample
collection 175 using port 505. To use port 505, toggle valve
490 is closed, directing the entire gas stream to port 505.
Port 505 and toggle valve 490 are connected to assembly
300. Assembly 300 is the combination of port 504, toggle
valve 495, coupler 507, port 505, coupler 508, port 475,
coupler 509, toggle valve 490, and port 506 which are
connected in sequence.

[0056] Gas pressure is monitored with differential pres-
sure gage 181 or another pressure measuring device, at
system pressure 180 and connected to gas stream at port 475
using tube 370, and adjusted through relief valve 170 and
relief valve 171 to prevent gas-tight chamber 20 from
dewatering, due to excess pressure in the inner tube, and to
prevent excessive pressure buildup near instrumentation
intakes at gas analysis 115 and gas analysis 150. An addi-
tional safety factor is built in by using toggle valve 495
which stops all flow from continuing in the process setup,
thereby protecting that gas measurement instrumentation
from water damage. Toggle valve 495 is used primarily if
water floods gas-tight plenum 20, usually due to the mea-
surement instrumentation gas demand being larger than the
available gas phase, and water begins to exit out of the top.
When toggle valve 495 is closed, relief valves 170 and 171
are opened to allow atmospheric air to flow to the measure-
ment instrumentation, preventing damage to the instrumen-
tation due to the restricting gas flow and low pressure. Port
475 and toggle valve 495 are connected to assembly 300.
After gas passes through assembly 300, it enters splitter 400
through tube 344 and tube 345 which is connected to port
506. Splitter 400 allows for the gas stream to be bypassed
towards relief valve 170 and relief valve 171 through tube
395 and tube 397. When relief valve 170 is open, the gas
stream exits the system through tube 396, and when relief
valve 171 is open, the gas stream exits through tube 398. The
other outlet on splitter 400 is connected to gas dryer 90
through tube 390.

[0057] Gas dryer 90, which can consist of materials such
as Nafion®, is also used to remove water moisture from the
gas stream, preventing any interference and instrumentation
damage. Gas dryer 90 contains an inner tube (such as
Nafion) that carries the gas sample through the inside, but
wicks water through the tube by passing a dry gas on the
outside of the tube that is counter current. The dry gas begins
at drying entry 55 which is atmospheric, or ambient, air.
Peristaltic pump 50 draws in air at pumping 65 from drying
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entry 55 into tube 375 which is connected to either hydro-
carbon trap 75 at contamination mitigation 70 or moisture
trap 85 at air dryer 80 through tube 376. Similar to hydro-
carbon trap 275 at air cleaning 270, hydrocarbon trap 75
ensures no outside hydrocarbons are introduced to the
system or gas stream running counter current to the inner
tube in gas dryer 90. If hydrocarbon trap 75 is used, it is
connected to moisture trap 85 at air dryer 80 using additional
tubes similar to tube 375, tube 376, tube 359, and tube 360.
Moisture trap 85 removes the moisture from the incoming
atmospheric air before passing into gas dryer 90. Moisture
trap 85 is connected to gas dryer 90 using tube 359 and tube
360. After the dry air passes across the inner tube in gas
dryer 90, it exits at dry gas vent 165.

[0058] After the gas sample passes through gas dryer 90,
the rate at which the measurement instrumentation is sam-
pling the gas is monitored at instrumentation demand 95
using flowmeter 100 connected by tube 385. Measurement
of the flow rate using flowmeter 100 is important to under-
standing measurement instrumentation readings if the nomi-
nal flow rate is not achieved. An optional hydrocarbon trap
110 may be introduced at sample filter 105 to remove
additional hydrocarbons if methane is the sole constituent of
interest since methane isn’t removed by some hydrocarbon
traps. The gas phase sample then leaves flowmeter 100 and
enters splitter 330 via tube 335. Splitter 330 allows for the
gas stream to be directed to ports 500 through tube 365, tube
366, and tube 367. The ports 500 are used to connect to
measurement instrumentation, e.g. various analytical instru-
mentation for measuring constituents in the gas phase. Any
number of the ports 500 may be used as long as the
measurement instrumentation gas demand is satisfied. More
or less of the port 500s and connecting tubes may be used
depending on the splitter 330 configuration.

[0059] The gas stream is then directed, using tube 130 and
tube 131, to measurement instrumentation such as an IRGA
25, e.g. LandTec GEM 2000, at gas analysis 115 and TVA
35, e.g. Thermo Scientific Toxic Vapor Analyzer (TVA-
1000B), at gas analysis 150 for real-time data analysis. The
GEM2000 Plus, ie. IRGA 25, uses an infrared cell to
measure methane in %-volume and is accurate for gas-phase
concentration measurements greater than 1.0%. The
GEM2000 Plus, e.g. IRGA 25, also has additional sensors
capable of measuring H,S, CO, CO,, and O,. These addi-
tional gases are simultaneously screened for along with
methane. The TVA-1000B, e.g. TVA 35, is used to measure
lower concentrations of methane on a flame ionization
detector below 10,000 ppmv. The instrument also contains a
photoionization detector allowing simultaneous detection of
additional compounds to methane which may be present.
Readings from the field instrumentation are recorded at data
logging 155 and allowed to vent as exhaust at exhaust exit
160. Other instrumentation for measuring compounds in the
gas-phase may substitute or compliment IRGA 25 and TVA
35.

[0060] Field gas concentrations measured at gas analysis
115, gas analysis 150, and data logging 155 are then used in
the derived mass transfer equation to calculate the initial
aqueous concentration.

[0061] The principles of the separator or equilibrator are
similar to batch air stripping. Batch air stripping is a widely
used method for determining Henry’s law constants and
relies on a dynamic principle developed by Mackay et al.
1979. An inert gas is purged through water, releasing a
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dissolved compound. Relative concentrations of one phase
are measured over time and it is assumed that the exiting gas
is in equilibrium. The separator or equilibrator however,
increases gas-water interface contact times for mass transfer,
decreases equilibrium times, and equilibrates a continuous
flow of sample water unlike batch air stripping and other
equilibrators.

[0062] Tube 120, tube 121, tube 122, and tube 123 may
consist of a high density polyethylene (HDPE) tubing that is
replaceable to prevent cross contamination from different
sampling locations that the separator or equilibrator has been
used. Other tubing materials may be used such that it is inert
and doesn’t cross contaminate the water or gas stream. Tube
130, tube 131, tube 335, tube 344, tube 350, tube 355, tube
360, tube 370, tube 375, tube 385, and tube 390 can consist
of a ¥ inch tube, such as R-3603 Tygon® tubing that is
easily replaceable. Other inert tubing materials such as
Teflon™ or stainless steel may be used and the tubing size
may change depending on user preference. Tube 345, tube
354, tube 359, tube 365, tube 366, tube 367, tube 376, tube
395, tube 396, tube 397, tube 398, and inlet tube 310 are
made of Y4 inch stainless tubes. Other tube sizes or materials
that do not leach or emit constituents, such as volatile
organics, to the gas stream may also be used. All tube
connections and ports should be gas tight. Gas tape may be
used for fittings and Teflon tape may be used for water
connections. Background testing of all tubes, hydrocarbon
traps, and moisture removing materials should be conducted
using the measurement instrumentation that will be used
when the separator or equilibrator is operational to prevent
cross contamination, inaccurate results, and understand
background concentrations.

[0063] Potential modifications include the use of addi-
tional venturi ejector and static mixers in various configu-
rations to further enhance mass transfer and enable real-time
aqueous analyses of less volatile compounds and introduc-
tion of the gas stream directly to a mass spectrometer or
other device enabling rapid compound identification.
[0064] The gas-water equilibrator was designed to
increase gas-water mass exchange rates beyond rates char-
acteristic of commercially available equilibrators. Monitor-
ing of concentration trends during purging allows for a more
rigorous comparison of temporal trends between sampling
events and comparison of baseline conditions with potential
post-impact conditions. Other benefits of the device include
real-time information and decision making in the field to
help focus an investigation, aid in determining when to
collect a sample, save money by limiting costs (e.g. ana-
Iytical, sample transport, sample storage), and provide an
immediate assessment of local methane concentrations, or
concentrations of other constituents, relative to the action
level for additional investigation.

EXAMPLES

[0065] Embodiments of the invention may be used to
separate or equilibrate most any gas contained within most
any liquid. In the following examples, the separated gas will
be a hydrocarbon, and more specifically methane, the liquid
will be water. The water tap closest to each wellhead being
sampled that, did not pass through any treatment system was
used to collect dissolved gas ground water samples and
monitor field parameters (pH, specific conductance, dis-
solved oxygen, oxidation reduction potential, temperature).
Samples were collected by securing polyethylene tubing (for
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example Nalgene 489 LDPE 34" ID No. 14476-120) to the
water tap and placing into an inverted 60 mL serum bottle
(for example Wheaton Science #223746) containing a 0.5 g
trisodium phosphate (TSP) pellet (sodium phosphate
dodecahydrate, ACS, 98-102%) to maintain pH=10 for
sample preservation. The inverted sample bottle and water
line were submerged in a 5-gal plastic bucket containing
purged ground water. The bottle was slowly turned to an
upright position as it filled from the water line. When the
bottle was completely filled, the water line was placed near
the bottom of the sample bottle and several bottle volumes
were replaced before the sample line was removed. All
bubbles were allowed to escape (no headspace) as the butyl
rubber Teflon-faced septum and aluminum crimp cap were
placed on the bottle and sealed while submerged, preventing
any atmospheric contact with the sample. The aluminum
caps were then crimped for permanent seal. Bottles were
filled in duplicates to safeguard against bottle breakage and
loss of samples. Samples were stored at =6° C. and analyzed
within a 14 day recommended holding time.

[0066] Methods (RSK175v5S and RSK194v4) developed
internally at EPA’s Robert S. Kerr Environmental Research
Center in Ada, Okla. were used to analyze methane, ethane,
and propane.

[0067] Collected samples were allowed to approach room
temperature, typically between 18 and 22° C., before labo-
ratory analysis. Headspace generation methods followed
Kampbell and Vandegrift and RSK194v4 and 175v5 (Kamp-
bell and Vandegrift 1998; RSKSOP-175v5 ; RSKSOP-
194v4). The initial aqueous concentration is determined by
combining the mass of compound in gas and aqueous phases
(as determined using Henry’s Law Constant) per volume of
water. A series of equations are provided in RSK175v5 to
determine aqueous concentration from gas phase analysis.
We condensed these equations into a single equation:

Cr=CocBMIP 1pps)[1+(VV pypsPP

puas)|[K_1H+V Vsl (6)
[0068] where:
[0069] C,=Aqueous concentration (ug L™
[0070] C;=Gas concentration determined from gas chro-

matography analysis (ppmv)

[0071] M=Molecular weight of compound of interest
(g/mol)
[0072] P,,,=Absolute pressure of dilution gas added to

headspace (atm)
[0073] P,~=Absolute pressure of headspace gas (atm)

[PABSOL UTE:PATMOSPHERIC+PGA UGE]

[0074] R=Gas constant (0.08206 L atm mol™* K™%)
[0075] T, ,z=Laboratory temperature (K)

[0076] V,,,=Volume of dilution gas added to headspace
(mL)

[0077] V~Volume of headspace (mL)

[0078] V,=Volume of water in serum bottle (mL)

[V,=Vol. serum bottle-V 4]

[0079] K =Dimensionless Henry’s Law Constant at labo-
ratory temperature (ug L-gas'/ug L~ Water ')

[0080] The LandTec GEM2000 Plus uses an infrared cell
to measure methane (CH,) in %-volume and is accurate for
gas-phase concentration measurements greater than 1.0%.
The GEM2000 Plus also has additional sensors capable of
screening for H,S, CO, CO,, and O,. H,S can be important
in sour stray gas investigations such as in Alberta and west
Texas. In addition to methane, CO, is also measured on a
dual wavelength infrared cell with reference channel. The

Mar. 26, 2020

CO2 reading is filtered to an infrared absorption frequency
4.29 um (nominal), the frequency specific to CO,. The CH,
reading is filtered to an infrared absorption frequency of 3.41
pm (nominal), the frequency specific to hydrocarbon bonds.
The presence of other light hydrocarbons (e.g. ethane,
propane, butane) will result in higher readings of CH, than
is actually present. Oxygen, CO, and H,S are measured
(Hydrogen compensated) on an internal electrochemical
cells (EC Cell). The O, cell is a galvanic cell type with no
influence from CO,, CO, H,S, SO,, or H,. The Thermo
Scientific Toxic Vapor Analyzer (TVA-1000B) is a portable
instrument that was used to measure lower concentrations of
methane on a flame ionization detector (FID) below 10,000
ppmv. The instrument also contained a photoionization
detector (PID) allowing simultaneous detection of additional
compounds to methane which may be present.

[0081] The instruments were calibrated each day before
use and verified against known methane gas standards. The
PID was calibrated with isobutylene. Mid-day and end of
day calibration verifications were conducted to ensure accu-
rate measurements. All calibrations and verifications were
within QC performance with the exception of the PID
detector which consistently failed to maintain calibration
and provided a low reading bias. Recalibration necessitated
removing and cleaning the PID lamp window. Since esti-
mation of methane concentrations was based on FID read-
ings, this had no impact on data quality for methane. The
inability to maintain calibration of the PID was surprising
given the highly conditioned nature (e.g., GAC filtration of
introduced air, moisture removal) of the air stream prior to
entry to the PID. PIDs are known to be very sensitive
(negative bias) to relative humidity in an air stream. A
detailed outline of QC requirements, instrument specifica-
tions, and calibration and verification performance is sum-
marized in Table 1.

[0082] A YSI multiparameter probe was used for the
measurement of pH, oxidation reduction potential, specific
conductance, dissolved oxygen, and temperature of ground
water during a well purge. Before field use, the instrument
was calibrated and verified against known standards. Per-
formance of each probe was also verified mid-day and at the
end of the day versus standards.

[0083] Aqueous samples were collected and analyzed on
an Agilent Micro 3000 Gas Chromatograph (GC) equipped
with a thermal conductivity detector (TCD) to analyze fixed
gases (H,, O,, N,, CO,, CO) and light hydrocarbons (C1-
C9) in straight chain, branched, or cyclic forms. The micro
GC is comprised of four modules, each having a sample
loop, injector, pre-column, analytical column, and detector.
The column, injector, and detector temperatures are all
independently controlled resulting in four simultaneous
independent measurements for each sample. A gas phase
helium or argon blank is analyzed prior to and after analysis
of standards. These blanks are used to detect the presence of
background analyte concentrations or interferences in the
analytical system. Field, trip, and equipment blanks are
prepared and analyzed exactly the same way as samples. Gas
phase reporting limits for methane, ethane, ethylene, acety-
lene, propane, and butane are near their lowest calibration
standards of 10 ppmv using multiple point calibration. The
method detection limit (MDL) for each compound is deter-
mined from seven runs at the lowest calibration standard
using a Student’s t-test at a 99% confidence level with n-1
degrees of freedom. MDLs are typically between 0.5-1.0
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ppmv. Similarly, reporting limits for H, and CO, are 20
ppmv and 100 ppmv, respectively. Samples analyzed on the
GC had an aqueous MDL and reporting limit for methane of
0.3 pug/lL and 1.3 pg/L dissolved methane, respectively. A
summary of quality control information is provided in Table
1.

[0084] A series of QC samples were collected which
included trip blanks, field blanks, and equipment blanks
(Table 2). These QC samples were filled with Barnstead
NANOpure Diamond UV water and were preserved with a
trisodium phosphate (TSP) pellet (sodium phosphate
dodecahydrate, ACS, 98-102%) and stored and analyzed in
an identical method to the field samples. Trip blanks were
used to assess potential contamination from sampling, stor-
age, and shipment to and from the field. Field blanks were
used to assess potential contamination from sample bottles
and environmental sources. Equipment blanks were used to
assess potential contamination from sampling equipment,
cleaning procedures, or sample preservation. Field QC also
included field duplicate samples meant to represent the
precision of sampling, analysis, and site heterogeneity. Tem-
perature blanks were included to measure the temperature of
samples in storage until analysis.

[0085] Methane was detected in field blank FieldBlk02
(12 pg/L) and equipment blank EquipBIk02 (12 pg/lL) and
were collected on Apr. 18, 2012. These blanks were shipped
with field samples PGDWO0S5 (Apr. 18, 2012) and PGPWO02
(Apr. 20, 2012). These two field samples have been flagged
since the methane in the blank samples was above the
quantitation limit and the sample concentrations for methane
were less than 10 times the concentration found in the blank.
Detection of propane in FieldBlk02, and ethane and propane
in EquipBIk02 likely indicate laboratory contamination of
these blanks since neither ethane nor propane was detected
in field samples PGDWO05 and PGPWO02. PGPWO02 was
collected two days after the blank samples and PGDWO05
was collected the same day as the blank samples. Samples
from PGDW20 were collected on Apr. 16, 2012, samples
PGDW23 and PGDW30 were collected on Apr. 17, 2012,
and sample PGDWS50 was collected on Apr. 19, 2012. Field
and equipment blanks associated with these samples and
dates show no detection of methane, ethane, or propane.
[0086] Domestic water wells were sampled as part of a
larger ground water investigation in the Pavillion oil and gas
field near Pavillion, Wyoming, and are within the Wind
River Basin (Illustration 1) (DiGiulio et al. 2011). Ground
water samples from domestic wells were collected to evalu-
ate potential stray gas migration as a result of gas production
well completion activities. The Wind River Formation is the
main formation used for domestic, agricultural, industrial,
and municipal water supply.

[0087] Four domestic wells (PGDWO05, PGDW20,
PGDW23, PGDW30), one municipal water well (PGPW02),
and one agricultural well (PGDWS50) were sampled. Aque-
ous methane concentrations measured on the separator or
equilibrator ranged from non-detect to 1470 n/L. Home-
owner’s existing submersible pumps were used to pump
water from the wells.

[0088] Well PGDWO0S5. PGDWOS is a domestic well with
a depth of 64 m. Methane concentrations exhibited periodic
variations with an overall increasing trend with purge vol-
ume (Graph 2A). The homeowner’s water-well setup
directed water into a 50 gallon (189 L) storage tank at outlet
of the well. After the tank volume was exchanged, the well
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was allowed to recover for 45 minutes before re-purging.
Approximately 2.6 tank volumes were purged before col-
lecting the fixed laboratory dissolved gas sample for com-
parison to the separator or equilibrator. The final three
separator or equilibrator field aqueous measurements had an
average of 57.9 g/l dissolved methane. Fixed laboratory
analysis reported 53 pg/IL dissolved methane. This value
however was flagged due to the presence of methane in field
and equipment blanks. Methane had been detected at this
domestic well during previous sampling events at 17, 5.4,
and 65 pg/lL. FID readings corrected for background (4.1
ppmv) and flow rate were as high as 160 ppmv. The pH and
specific conductivity rapidly stabilized during the purge and
dissolved oxygen rapidly decreased to be between 0.01 and
0.11 mg/L. (Graph 3).

[0089] Additional samples collected as part of a larger
sampling scheme detected the presence of lowlevel gasoline
range organics (GRO) and diesel range organics (DRO) at
48 and 63.5 pg/l, respectively. During operation of the
separator or equilibrator, the PID detector on the TVA1000B
had fluctuating responses up to 1.29 ppmv (above back-
ground) indicating additional dissolved constituents besides
methane (likely the GRO and DRO). Because methane has
an ionization potential around 12.5 eV, it is not detected by
the PID. The PID response was low relative to the FID, so
the influence on the FID reading was insignificant.

[0090] Well PGDW20. PGDW20 is a domestic well with
a depth of 140 m. Measurements on the separator or equili-
brator started at approximately 3,400 L purge volume
(Graph 2B). The data indicate no increasing or decreasing
trends, but show some variability with purge volume. The
final three separator or equilibrator field aqueous methane
measurements had an average of 115.4 pg/l. dissolved
methane. Fixed laboratory analysis reported 111 pg/I. and
108 pg/LL (duplicate sample) dissolved methane. FID read-
ings corrected for background (-0.34 ppmv) and flow rate
were as high as 381 ppmv. Dissolved oxygen was initially
elevated and rapidly decreased to <0.1 mg/L. Specific con-
ductivity and pH stabilized after 2,000 L purge volume
(Graph 4).

[0091] Well PGDW23. PGDW23 is a domestic well with
a depth of 152 m. Aqueous methane concentration increased
until reaching a purge volume of 1,000 L (Graph 2C). After
a 1,000 L purge volume, separator or equilibrator methane
concentrations gradually decreased for the remainder of the
well purge. This could indicate potential pre-purge ambient
flow across the screened interval, short-circuiting across the
cement sheath above the screened interval, or effects of
physical and chemical heterogeneity. The final three sepa-
rator or equilibrator field aqueous methane measurements
had an average of 184.6 ng/LL dissolved methane. Fixed
laboratory analysis reported 226 pg/l. dissolved methane.
FID readings corrected for flow rate were as high as 771
ppmv (background=0.0 ppmv). The pH, specific conductiv-
ity, and dissolved oxygen rapidly stabilized (Graph 5).
[0092] Well PGDW30. PGDW30 is a domestic well with
adepth of 79 m. Among all the wells sampled, PGDW30 had
the highest aqueous methane concentrations (Graph 2D).
Unlike the locations mentioned earlier, the aqueous methane
concentration initially decreased before increasing. A sig-
nificant difference existed between field and laboratory
analysis. The final three separator or equilibrator field aque-
ous methane measurements had an average of 1,234.7 WL
dissolved methane. Fixed laboratory analysis reported 384
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ng/L dissolved methane. FID readings corrected for back-
ground (1.16 ppmv) and flow rate were as high as 4,027
ppmv.

[0093] After 800 L purge volume, dissolved oxygen began
to rapidly increase from around 0.05 mg/L. to 0.44 mg/I. and
FID readings started to decrease. Specific conductivity and
pH remained stabilized (Graph 6). Possible reasons for
discrepancy between the separator or equilibrator and labo-
ratory values include: (1) potential water from another
source (not representative of the water already purged)
entered the system and had lower aqueous methane concen-
trations when the laboratory sample was collected, (2) an
improper seal on the crimp cap for the sample bottle caused
a loss of methane before laboratory analysis (which would
not be related to the increase in dissolved oxygen), or (3)
methane exsolved from the ground water as it was pumped
to the surface because of changes in partial pressure which
resulted in a decreased aqueous concentration in the labo-
ratory sample. The separator or equilibrator is capable of
measuring dissolved or free gas, therefore would still mea-
sure exsolved methane.

[0094] Additional samples collected as part of a larger
sampling scheme detected the presence of gasoline range
organics (GRO) and diesel range organics (DRO) at 27.3
ng/L, and 43.8 pg/l., respectively. During operation of the
separator or equilibrator, the PID detector on the TVA1000B
had an increasing response up to 0.56 ppmv (above back-
ground), indicated additional dissolved constituents besides
methane (likely the GRO and DRO). The PID response was
low relative to the FID, so the influence on the FID reading
was insignificant.

[0095] Well PGDWS50. PGDWS50 is an agricultural well
with a depth of 61 m. Aqueous methane measurements on
the separator or equilibrator began after 159 L purge volume
and indicated the presence of dissolved methane (Graph 2E).
Aqueous concentration decreased to levels below detection.
The final three separator or equilibrator field aqueous meth-
ane measurements were all non-detect. Fixed laboratory
analysis of dissolved methane also reported a non-detect
value (<1.3 pg/L). FID readings corrected for background
(2.25 ppmv) and flow rate were as high as 166 ppmv which
occurred at the beginning of purging.

[0096] PGDWS5O0 had the highest specific conductivity of
all wells sampled and rapidly stabilized. Dissolved oxygen
levels were also the highest in all wells sampled and
stabilized near 1 mg/lL and continued to drop when methane
was no longer detected (Graph 7). This water-well is located
in an area with heavy cattle traffic and manure, and could
explain initial detection of methane. Methane may not be a
characteristic of the local water formation, but rather due to
potential connectivity (infiltration) between the surface and
casing well-water. It was not until the stagnant casing water
was removed that actual aquifer properties were measured.
[0097] Well PGPWO02. PGPWO2 is a municipal well with
a depth near 154 m. Aqueous methane concentrations were
fairly stable for the entire purge (Graph 2F). The final three
separator or equilibrator field aqueous methane measure-
ments had an average of 8.6 pug/LL dissolved methane. Fixed
laboratory analysis reported 8 wI. dissolved methane for
both the sample and sample duplicate. These values however
were flagged due to detection of methane in blanks. FID
readings corrected for background (4.5 ppmv) and flow rate
were as high as 17 ppmv. The pH, specific conductivity, and
dissolved oxygen rapidly stabilized (Graph 8).
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[0098] A paired t-test was used to determine if a signifi-
cant difference exists between the field separator or equili-
brator method and the fixed laboratory method. It is assumed
that the differences in field and laboratory methods are
normally distributed and the null hypothesis is defined as no
difference between the separator or equilibrator method and
fixed laboratory method. Applying the paired t-test yields a
t-statistic of 0.9555 and a p-value of 0.38321. At the 0.05
level, the pvalue>0.05. We fail to reject the null hypothesis
and conclude that there is not enough evidence to suggest a
significant difference between the separator or equilibrator
method and fixed laboratory method.

[0099] In this investigation, FID response to the presence
of other light hydrocarbons (ethane, propane, butane) and
organic compounds evident in GRO and DRO analyses was
insignificant compared to methane eliminating the need for
a hydrocarbon trap (granular activated carbon) prior to the
FID. However, a carbon trap will be used in future studies
to ensure that other hydrocarbons do not interfere with
estimating of methane concentrations.

[0100] Practical use of this equilibrator is dependent upon
rapid mass transfer of methane from water to air. Non-
attainment of equilibrium would result in a negative bias in
field estimation of aqueous methane concentrations com-
pared to fixed laboratory values. A negative bias was not
observed in this study (Graph 9) suggesting that the com-
bined use of the venturi ejector, static mixer, and free
overfall jet stream resulted in rapid and near equilibrium
conditions for liquid-gas exchange for methane.

[0101] Mass transfer can be evaluated by determining the
mass transfer coeflicient necessary for attainment of near
equilibrium conditions using this separator or equilibrator.
Mass transfer of methane from water to gas can be described

by
Vaac2=—KA(Cy~KCH) 3

[0102] This equation does not incorporate source/sink
terms for methane since rates of CH, production or degra-
dation are likely insignificant compared to the mass
exchange rate. The term A/V or ‘a’ (cm™!) is often called the
specific surface area or interfacial area. The mass transfer
coefficient (cm s7') is broken into two terms representing
liquid (K;) and gas resistance (K)

1 1 1 )

x &L Kma

[0103] For noncondensable gases such as oxygen and
methane, or compounds with a high Henry’s Law Constant
greater than 10~> atm-m>®/mol, resistance to mass transfer is
liquid phase controlled and k=K, (Thomas 1982).

[0104] Integration of equation 3 gives

Cpl)-Co/Ku

Cyli)-Co/K=exp(-K at) (5)
[0105] where k,a (s7!) is a lumped parameter combining

k; and the interfacial area. This equation has been used with
upstream and downstream dissolved oxygen concentrations
to estimate K;a values for venturi devices and static mixers
(Chisti et al. 1990; Goto and Gaspillo 1992; Heyouni et al.
2002). The Henry’s Law Constant and enthalpy of solution
(temperature adjustment) for oxygen are virtually identical
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to methane (Sander 1999). For oxygen aeration studies using
venturi ejectors, this equation is rearranged and expressed in
terms of an oxygen transfer efficiency (Baylar and Ozkan
2006) factor E or a collection efficiency factor (Agrawal
2013).

E=CC/(K'y) = “CEW (")=1-exp(-K at) (6)

[0106] Rapid mass transfer is denoted by values of E
approaching 1.0. In this equilibrator, time for mass transfer
was approximately 10 seconds which included exchange in
the plenum, venturi ejector and static mixer. For an effi-
ciency factor of 0.95, this corresponds to a K;a value of 0.3

S—l.

[0107] Mass transfer coefficients for venturi ejectors and
static mixers in single use have achieved mass transfer
coefficients in excess of 0.3 s™' (Marquez et al. 1994;
Heyouni et al. 2002). However, reported k;a values for
venturi devices and static mixtures vary by orders of mag-
nitude and are highly dependent on design factors and
temperature. Evans et al. (2001) measured K, a values rang-
ing from 0.1 s7* to 0.5 s™* for a jet venturi. However, a
number of studies though indicate poorer performance.
Cramers and Beenackers (2001) measured k;a values from
0.015 t0 0.03 s*. Dong et al. (2012) compared one to three
venturi devices in parallel and series configurations (6 trials)
and measured mass transfer coefficients for oxygen from
0.0009 s~ to 0.0033 s™' at 20° C. with the most efficient
design having three venturi devices in parallel. Ozkan et al.
(2006a) conducted extensive testing (72 trials) of venturi
devices having design features and mass transfer coefficients
for oxygen from 0.0002 s~ to 0.0187 s~* at 20° C. Park and
Yang (2013) tested 10 tube tip and annular nozzle area
configurations and measured mass transfer coefficients for
oxygen ranging from approximately 0.0008 s™* to 0.008 s™*.
Rodriguez et al. (2012) measured a k,a value of 0.007 s™*
for a venturi ejector in oxygen aeration experiments. Utomo
et al. (2008) examined mass transfer coefficients for oxygen
for 5 design configurations. Mass transfer coefficients

ranged from approximately 0.05 s~ to 0.07 s,

[0108] Static mixers are often combined with airlift sys-
tems to enhance aeration of water. Zhu et al. (1992) sum-
marized data from Middleton (1978) and plotted mass
transfer coefficients for bubble flow using motionless mix-
ers. K, a values increased with energy dissipation from 0.1
s7! to 5 Heyouni et al. (2002) evaluated the effect of
increasing water and gas velocity on effectiveness of static
mixers. K,a values varied from approximately 0.1 s™* for
water and gas velocities of 0.70 m/s and 0.016 m/s, respec-
tively to 2.2 s~! for water and gas velocities of 1.30 m/s and
0.437 m/s, respectively. Water and air velocities through the
static mixer in this equilibrator were approximately 0.5 m/s
indicating that a mass transfer coefficient of 0.3 s™! was
achievable. However, similar to venturi devices, other stud-
ies indicate poorer performance. Chisti et al. (1990) evalu-
ated the effect of gas velocity on aeration of aqueous salt
solutions. K, a values for oxygen varied from 0.006 s to
0.03 s7!. K, a values increased with increased gas velocity.
Goto and Gaspillo (1992) evaluated the effect of water and
gas velocity on aeration of water. K, A values for oxygen
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varied from 0.004 s™* to 0.05 s!. K, a values increased with
increased gas and water velocity.

[0109] We could find no published mass transfer coeffi-
cients for the combined use of venturi ejectors and static
mixtures as used in this device. With such extreme variabil-
ity in reported mass transfer coefficients in the literature, it
is apparent that mass transfer studies specific to this design
are necessary for rigorous evaluation of attainment or near
attainment of equilibrium under various operating condi-
tions. However, good agreement between equilibrator and
fixed laboratory values suggest the configuration used here
achieved rapid mass transfer.

[0110] To enable real-time monitoring of aqueous meth-
ane concentrations during ground water purging, a gas-water
equilibrator was designed to increase gas-water mass
exchange rates beyond rates characteristic of commercially
available equilibrators. Real-time monitoring of methane
during purging is necessary to evaluate the effect of inad-
equate removal of stagnant casing water prior to sample
collection and the potential effects of pre-purge ambient
borehole flow and surrounding physical and chemical het-
erogeneity—eflects common to long screened domestic and
monitoring wells. Monitoring of concentration trends during
purging allows for a more rigorous comparison of temporal
trends between sampling events and comparison of baseline
conditions with potential post-impact conditions. Other ben-
efits of the device include real-time information and decision
making in the field to help focus an investigation, aid in
determining when to collect a sample, save money by
limiting costs (e.g. analytical, sample transport, sample
storage), and provide an immediate assessment of local
methane concentrations relative to the action level for addi-
tional investigation.

[0111] Dissolved methane concentrations determined on
the separator or equilibrator were in excellent agreement to
reported fixed laboratory data with the exception of
PGDW30 (Graph 9) which may be due to changing condi-
tions toward the end of purging. Variations in methane
concentrations during purging were observed for all loca-
tions. Similar observations have also been reported by other
researchers (Harder et al. 1965).

[0112] While: (1) a negative bias for field separator or
equilibrator data in comparison to fixed laboratory data was
not evident, (2) a significant decrease in gas phase oxygen
concentration occurred subsequent to gas-water mixing, and
(3) a number of literature studies indicate that mass transfer
from water to gas in venturi ejectors and static mixers can be
sufficiently rapid to ensure attainment of equilibrium. There
is nevertheless extreme variation in literature values for
mass transfer coefficients which indicate attainment of equi-
librium cannot be guaranteed using these devices. Addi-
tional field and laboratory-based experimentation and poten-
tial modification of this device are necessary to justify use
beyond screening at this time.

[0113] Potential modifications include the use of addi-
tional venturi ejector and static mixers in various configu-
rations to further enhance mass transfer and enable real-time
aqueous analyses of less volatile compounds and introduc-
tion of the gas stream directly to a mass spectrometer or
other device enabling rapid compound identification.
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Instrumentation and Quality Control (QC)

QC
Instrument Calibration Verification Requirements Stated
Analyte (Detector) Range Standard Standard (Frequency) Accuracy
CH4 LandTec 0-100% 50% 2.5%, 50% 1% of readings +0.3% (0-5%)
GEM2000 Plus (beginning & end of =1.0% (5-15%)
(IRGA) each sample event) +3.0% (15-100%)
CcO2 LandTec 0-100% 35% 5%, 20%, 35% 1% of readings +0.3% (0-5%)
GEM2000 Plus (beginning & end of =1.0% (5-15%)
(IRGA) each sample event)
CO LandTec 0-2000 ppmv 100 ppmv 100, 500, 1000 +10% of readings =10% (0-2000 ppmv)
GEM2000 Plus ppmv (beginning & end of
(EC Cell) each sample event)
02 LandTec 0-21% 20.9% 4%, 10%, 20.9% 1% of readings =1.0% (0-5%)
GEM2000 Plus (beginning & end of =1.0% (5-21%)
(EC Cell) each sample event)
H2S LandTec 0-500 ppmv 25 ppmv 25, 100 ppmv +10% of readings =10% (0-500 ppmv)
GEM2000 Plus (beginning & end of
(EC Cell) each sample event)
VOCs Thermo 1.0-10,000 ppmv 0.0, 10, 100, 1000, 10, 100, 1000, 90-110% of known +25% or 2.5
Scientific 10000 ppmv CH4 10000 ppmv CH4 values (after ppmv, whichever
TVA-1000B calibration, beginning is greater, from
(FID) & end of each sample 1.0 to 10000
event) ppmv
VOCs Thermo 0.5-500 ppmv 0.0, 10, 100, 225 10, 100, 225 80-120% of known +25% or 2.5
Scientific ppmv Isobutylene  ppmv Isobutylene values (after ppmv, whichever
TVA-1000B calibration, beginning is greater, from
(PID) & end of each sample 0.5 to 500 ppmv
event)
Dissolved Agilent Micro ~0.001-100 Refinery Gas Refinery Gas +85-115% of +85-115%
Gases 3000 Gas MOLE % Standards #7 Standards #7 known values (After
Chromatograph determined (Methane UHP & #5 and He/Ar blank at first
(TCD) by calibration 26.864%) & #5 Natural Gas of analysis queue,
RSKSOP 194v4 (Methane UHP Standard #1 before He/Ar blank
& 175v5 4.979%) and at end of sample set,
Natural Gas and every 15
Standard #1 samples)
(Methane UHP
94.686%)
TABLE 2
Fixed laboratory results for collected dissolved gas samples and blanks
Methane  Methane Ethane  Ethane Propane Propane Butane  Butane
Sample ID Date (74-82-8) QC (74-84-0) QC (74-98-6) QC  (106-97-8) QC
Units ng/L ng/L ng/L ng/L
MDL 0.3 0.5 0.7 0.7
QL 1.3 2.7 3.8 4.7
PGDWO05-0412  Apr. 18, 2012 53 B (BLk02) <2.7 U <3.8 U <4.7 U
PGDW20-0412  Apr. 16, 2012 111 8 <3.8 U <4.7 U
PGDW20d-0412  Apr. 16, 2012 108 7 <3.8 U <4.7 U
PGDW23-0412  Apr. 17, 2012 226 19 11.4 0.9 7
PGDW30-0412  Apr. 17, 2012 384 3 <3.8 U <4.7 U
PGDW50-0412  Apr. 19, 2012 <1.3 U <2.7 U <3.8 U <4.7 U
PGPW02-0412 Apr. 20, 2012 8 B (BLk02) <2.7 U <3.8 U <4.7 U
FieldBIkO1 Apr. 16, 2012 <1.3 U <2.7 U <3.8 U <4.7 U
FieldBlk02 Apr. 18, 2012 12 <2.7 U 1.1 7 <4.7 U
FieldBIk03 Apr. 22, 2012 <1.3 U <2.7 U <3.8 U <4.7 U
FieldBlk04 Apr. 24, 2012 <1.3 U <2.7 U <3.8 U <4.7 U
EquipBIk01 Apr. 16, 2012 <1.3 U <2.7 U <3.8 U <4.7 U
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TABLE 2-continued

Fixed laboratory results for collected dissolved gas samples and blanks

EquipBlk02 Apr. 18, 2012 12 2 I 0.8 I <4.7 U
EquipBlk04 Apr. 24, 2012 <1.3 U <27 U <3.8 U <4.7 U
TripBlk01 Apr. 16, 2012 <1.3 U <27 U <3.8 U <4.7 U
TripBlk02 Apr. 18, 2012 <1.3 U <27 U <3.8 U <4.7 U
TripBlk03 Apr. 22, 2012 <1.3 U <27 U <3.8 U <4.7 U
TripBlk04 Apr. 24, 2012 <1.3 U <27 U <3.8 U <4.7 U
QC Flags:
U The analyte was analyzed for, but was not detected above the reported quantitation limit
QL)
7 The analyte was positively identified. The associated numerical value is the

approximate concentration of the analyte in the sample (due either to the quality of the
data generated because certain quality control criteria were not met, or the concentration
of the analyte was below the (QL)

B The analyte was found in a blank sample above the QL and the concentration found in
the sample was less than 10 times the concentration found in the blank
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al. 2011; Johnson et al. 2007)).
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Graph 5. Purge results comparing aqueous methane concentrations against dissolved oxygen

(DO), specific conductance, and pH for PGDW23 as a function of purge volume and purge time.
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Graph 6. Purge results comparing aqueous methane concentrations against dissolved oxygen

(DO), specific conductance, and pH for PGDW30 as a function of purge volume and purge time.
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Graph 7. Purge results comparing aqueous methane concentrations against dissolved oxygen
(DO), specific conductance, and pH for PGDWS50 as a function of purge volume and purge time.
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specifications). The lab sample for methane was non-detect and is represented as one-half the
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Graph 8. Purge results comparing aqueous methane concentrations against dissolved oxygen

(DO), specific conductance, and pH for PGPWO02 as a function of purge volume and purge time.
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1. An apparatus to separate at least one constituent from
a liquid comprising multiple constituents, comprising:

a venturi tube comprising a venturi orifice and configured
to pass a liquid through the venturi tube and further
configured to introduce a carrier medium into the
liquid, whereby a first portion of a first constituent in
the liquid diffuses into the carrier medium;

a mixer configured to receive the liquid and the carrier
medium from the venturi tube, whereby the mixer
mixes the liquid and the carrier medium; and

a plenum comprising a first exit and configured to receive
the liquid and the carrier medium from the mixer,
wherein the plenum is further configured to pass the
liquid and the carrier medium through a free overfall
stream within the plenum, whereby the carrier medium
exits the liquid, and the carrier medium is discharged
from the plenum through the first exit.

2. The apparatus of claim 1, wherein the first constituent
continvously diffuses from the liquid into the carrier
medium.

3. The apparatus of claim 2, wherein carrier medium
comprising the first constituent is discharged from the ple-
num through the first exit in less than about one minute from
the carrier medium being introduced into the liquid.

4. The apparatus of claim 2, wherein carrier medium
comprising the first constituent is discharged from the ple-
num through the first exit in less than about ten seconds from
the carrier medium being introduced into the liquid.

5. The apparatus of claim 4, wherein the carrier medium
makes a single pass through the apparatus from the venturi
orifice to the first exit of the plenum.

6. The apparatus of claim 1, wherein the first constituent
comprises a hydrocarbon gas.

7. The apparatus of claim 6, wherein the liquid comprises
water and the hydrocarbon gas comprises methane.

8. The apparatus of claim 7, wherein the venturi tube
comprises an injection orifice configured to inject the carrier
medium into the liquid.

9. The method of claim 8, wherein the carrier medium
comprises a gas.

10. The apparatus of claim 1, wherein a second portion of
the first constituent diffuses from the liquid into the carrier
medium in the mixer.

10. The apparatus of claim 10, wherein the mixer com-
prises a static mixer configured to mix the carrier medium
and the liquid.

12. The apparatus of claim 1, wherein a third portion of
the first constituent diffuses into the carrier medium from the
liquid within the plenum.

13. The apparatus of claim 12, wherein the carrier
medium comprising the first constituent is directed into a gas
analyzer.

14. The apparatus of claim 13, wherein the plenum
comprises a second exit to discharge the liquid from the
plenum.

15. An apparatus to separate at least one constituent from
a liquid comprising multiple constituents, comprising a
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venturi tube connected in series to a mixer and the mixer is
connected in series to a plenum, whereby the liquid flows
through the venturi tube, through the mixer and into the
plenum, wherein a first constituent of the liquid is continu-
ously separated from the liquid into a carrier medium as the
liquid passes through the venturi tube, the mixer and into the
plenum.

16. The apparatus of claim 15, whereby the liquid passes
through the venturi tube, the mixer and into the plenum in
less than about one minute.

17. The apparatus of claim 15, whereby the liquid passes
through the venturi tube, the mixer and into the plenum in
less than about ten seconds.

18. The apparatus of claim 15, wherein the first constitu-
ent continuously diffuses from the liquid into the carrier
medium as the liquid passes through the venturi tube, the
mixer and the into the plenum.

19. The apparatus of claim 15, wherein the carrier
medium comprising the first constituent is discharged from
the plenum and into a gas analyzer.

20. The apparatus of claim 15, wherein the liquid com-
prises water and the first constituent comprises a hydrocar-
bon.

21. The apparatus of claim 15, wherein the carrier
medium is introduced into the liquid at the venture tube.

22. The apparatus of claim 15, wherein the carrier
medium comprises a gas.

23. A method to separate at least one constituent from a
liquid comprising multiple constituents, comprising:
causing a pressure drop in the liquid; introducing a carrier
medium into the liquid; diffusing a first constituent of
the liquid’s multiple constituents into the carrier
medium; mixing the liquid and the carrier medium;
and, moving a portion of the carrier medium out of the
liquid.
24. The method of claim 23, comprising passing the liquid
through a venturi orifice.

25. The method of claim 24, comprising injecting the
carrier medium into the liquid in proximity of the venture
orifice.

26. The method of claim 23, wherein the carrier medium
comprises a gas in the form of bubbles, and comprising
breaking the bubbles into smaller bubbles.

27. The method of claim 26, comprising breaking the
bubbles into smaller bubbles using a static mixer.

28. The method of claim 26, comprising moving a portion
of the bubbles out of the liquid by passing the liquid and
bubbles through a free overfall stream.

29. The method of claim 28, comprising collecting the
bubbles as a free gas over the liquid and passing the free gas
into a gas analyzer.



